A ngiotensin (1) (2) (3) (4) (5) (6) (7) [Ang [1] [2] [3] [4] [5] [6] [7] is a small peptide, consisting of 7 amino acids, generated predominantly from Ang II by the action of Ang-converting enzyme 2 (ACE2). 1 Originally misconceived as a mere byproduct, evidence accrued during the past 2 decades indicates that Ang 1-7 has many protective effects on the cardiovascular system through its receptor, Mas. Indeed, it has been postulated that some of the effects of ACE inhibitors may be related to the accumulation of Ang 1-7 during ACE inhibition, 2, 3 owing at least in part, to decreased metabolic clearance of Ang 1-7. Among the multiple and complex reported Ang 1-7 effects, some of the most salient and well-described phenomena ascribed to Ang 1-7 include vasodilation, 4 lowering of blood pressure, 5 anti-arrhythmogenic effects 6 and inhibition of cardiac fibrosis. 7 In addition, Ang 1-7 reportedly opposes many of the adverse cardiovascular effects of Ang II, including hypertension, pregnancy-induced hypertension (preeclampsia), renal disease, heart failure, and cardiac arrhythmia. [8] [9] [10] [11] In a previous report, we found that Ang 1-7 reduced plasma aldosterone (PA) and plasma renin activity (PRA) in high fructose-fed rats. 12 Although in that model the Ang 1-7-induced reduction in circulating aldosterone seemed to accord a parallel reduction in PRA, it remained unclear whether these changes were interdependent or reflected separate effects. Furthermore, in the fructose-fed rat model, we showed that the administration of Ang 1-7 also induced weight loss. 12 This was in concordance with a study of Oh et al, 13 in which a synthetic Ang 1-7 antagonist prevented weight loss. Because obesity and fat accumulation have been shown to affect the systemic 14 and local adipose tissue renin-angiotensin-aldosterone-system 15 in a complex manner, it remained unclear whether the inhibitory effects of chronic Ang 1-7 on PA and PRA could reflect, at least in part, indirect effects mediated by fat mass reduction.
In this study, we investigated the effects of Ang 1-7 on aldosterone and renin in vitro and in vivo. The results suggest that Ang 1-7 is a negative modulator of aldosterone secretion acting directly on adrenal glomerulosa cells.
Materials and Methods

Materials
Ang 1-7 was synthesized by the solid-phase methodology, using a multiplepeptide synthesizer AMS 422 (Abimed Analyzer Technik GmbH).
Abstract-Angiotensin (1-7) [Ang 1-7] is a 7 amino acid peptide generated predominantly from Ang II by the action of Angconverting enzyme 2. We previously showed that Ang 1-7 reduced plasma aldosterone and plasma renin activity in high fructose-fed rats, and that the reduction in circulating aldosterone seemed to accord a parallel reduction in plasma renin activity. Here, we tested the possibility that Ang 1-7 affects aldosterone secretion acting directly in glomerulosa cells. First, as detected by immunofluorescence, the receptor for Ang 1-7, Mas1 is localized predominantly at the rat adrenal subcapsular region. Second, in isolated rat glomerulosa cells incubates, Ang and then incubated with the secondary antibody alone without the primary antibody, after which the inner sections were captured as well to rule out nonspecific staining. Fluorescent images were obtained using Nikon Eclipse 80i using Nikon intensilight C-HGF1 camera.
In Vitro Studies
Adrenal Glomerulosa Cells
Rat adrenal glomerulosa cells were prepared as previously described in detail. 16, 17 In brief, adrenal glands removed from euthanized rats were trimmed of fat and placed in normal saline. Capsules were separated by gross dissection and incubated with collagenase (3.7 mg/mL) and deoxyribonuclease (0.05 mg/mL) in a modified Krebs-Ringer bicarbonate with glucose (KRBG) buffer containing 4% bovine serum albumin (Pentex Fraction V, fatty acid free) essential and nonessential amino acids, l-glutamine and glucose for 50 minutes in a Dubnoff metabolic shaker under 95% O 2 and 5% CO 2 . The cells were then mechanically separated by gentle pipetting and filtered through a gauze mesh. The suspension was spun at 100 g and washed 3× with the KRBG, and the glomerulosa cells were resuspended in the same buffer solution (K + 3.7 meq/L) to yield ≈170 000 cells per 2 mL. Two milliliter aliquots of the cell suspension in KRBG buffer with 4% BSA were incubated in a metabolic shaker for 60 minutes at 37°C under a 95% O 2 and 5% CO 2 atmosphere with graded concentrations of Ang II, ACTH, or K + either alone or in the presence of Ang 1-7. Aldosterone, renin activity, and progesterone were measured using commercial assays (ALDO-RIACT; Cisbio Bioassays, GammaCoat Plasma Renin Activity I125 RIA Kit, DiaSorin, Siemens 06670112 Immulite 2000 Progesterone Kit).
Renal Slices
Rats participating in experiment 1 (see below; Sprague-Dawley rats [Harlan, Rehovot, Israel]), were euthanized and kidneys were removed rapidly, freed of fat, and decapsulated. A Stadie-Riggs microtome (Arthur Thom-as Co, Philadelphia, PA) was used to obtain 2 slices (≈0.5-mm thick), from the superficial cortex of each kidney. The slices (wet weight, 15-30 mg) were placed in 25-mL flasks and washed with KRBG buffer containing 0.01% bovine serum albumin. The washed slices were taken up into fresh KRBG containing (mmol/L) 120 NaCl, 4.7 KC1, 1.2 MgSO 4 , 2.5 CaCl 2 , 1.2 KH 2 PO 4 , 26.8 NaHCO 3 , and 10 glucose at pH 7.4. The slices were preincubated for 15 minutes and then incubated in 2 mL of KRBG buffer at 37°C under 95% O 2 and 5% CO 2 in a shaking water bath for 5 consecutive 15-minute intervals. Experiments were designed such that each slice served as its own control: each slice was incubated for two 15-minute baseline periods, after which various agents were added and the response to an agent was observed for the next 3 15-minute periods. The slices were exposed to agents for only 15 minutes, and the buffer was aspirated and replaced with fresh buffer during each subsequent 15-minute period. Baseline or control renin was derived from the average of 2 consecutive incubates.
In Vivo Experiments
All experimental protocols were approved by the animal research committee of the Tel Aviv-Sourasky Tel Aviv Medical Center. We used 12-week-old male Sprague-Dawley rats (200-225 g) purchased from Harlan (Harlan, Rehovot, Israel).
Experiment 1
Animals were housed at the Tel Aviv-Sourasky Tel Aviv Medical Center animal house under controlled temperature (26°C), humidity (45%-50%), and lighting (14:10 cycle) for a 10-day habituation period before the initiation of the experiment, after which they were randomly divided into 2 groups, one receiving regular rat chow (n=6) and the other low-salt chow (n=7; Teklad Rat Diet 7034 Harlan, Israel; low-sodium water, Neviot) for a 1-week period. An Alzet osmotic minipump (model number 1002; Strategic Applications Inc, Lake Villa, IL) was implanted subcutaneously, and Ang 1-7 (576 mg/ kg rat per day in PBS) was delivered continuously at a constant rate for 1 week. This dose was chosen based on previous studies showing that Ang 1-7 administered chronically, via a minipump such as the one used by us, is clearly bioactive in the cardiovascular system 18 and can lower PRA and PA.
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Experiment 2
Eighteen to 21-month-old female Sprague-Dawley rats, fed on regular rat chow diet (1DIETUS no. 2018C by Harlan) throughout their life and during the infusion experiment, were divided into 2 groups, one receiving Ang 1-7 (576 mg/kg rat per day in PBS; n=7) and the other (n=7) receiving the vehicle (PBS) through Alzet osmotic minipumps (model number 2ML4) implanted at the interscapular area under the skin. Infusion was carried out for 2 months, before and after which blood samples were collected for PRA and PA.
Statistical Analysis
Data were compared by means of analysis of variance, with or without repeated measures (the latter was performed when several measures were done on the same specimen). These tests were followed by an Unequal N HSD post hoc test. Significance was determined at P<0.05. All statistical analysis was performed using STATISTICA version 6.0 (StatSoft, Tulsa, OK). Data are presented as mean± SEM. Figure 1 depicts a typical series of images visualizing the distribution of Mas1 receptors, detected by immunofluorescence microscopy. Whereas the adrenal medulla seems entirely devoid Mas, Mas-positive immunofluorescence is apparent at the adrenal cortex with the denser staining seen at the sub scapular region, that is, the zona glomerulosa.
Results
In Vitro Studies
As shown in Figure 2A , Ang 1-7 (10 −7 M) had no effect on basal aldosterone production in glomerulosa cells. However, the aldosterone response curve to Ang II is strongly shifted to the right in the presence of Ang 1-7: Ang 1-7 entirely blocked the aldosterone response to Ang II (10 −9 M) and markedly attenuated the response to a 10-fold higher concentration (10 −8 M) of Ang II. When the cells were exposed to a high concentration of Ang II (10 −7 M), Ang 1-7 was unable to affect the aldosterone response. Ang 1-7 also decreased the progesterone response to Ang II ( Figure 2B ), but this effect had a somewhat different profile: the increase in response to In response to ACTH, there was a marked and dose-related increase in aldosterone production ( Figure 3A) , which was attenuated in the presence of Ang 1-7, such that measured levels were lower at each of the ACTH concentrations which increased aldosterone production (10 −10 -10 −8 M), an effect which reached statistical significance with ACTH at 10 −9 to 10 −8 M. Unlike the effect of Ang 1-7 on Ang II-induced stimulation, which was most prominent with lower Ang II concentrations, ≈40% inhibition was still seen with the highest ACTH concentration used.
In fact, the degree of Ang 1-7-related inhibition seemed to be rising with increasing concentrations of ACTH. In parallel, Ang 1-7 also induced an attenuation of the progesterone response to ACTH, which was evident at ACTH concentrations of 10 −9 to 10 −8 M, but not with 10 −10 M ( Figure 3B ). In parallel to the absence of any effect of Ang 1-7 on basal aldosterone synthesis, the Mas1 receptor antagonist A779 per se had no effect on aldosterone production (Figure 4) . However, A779 effectively antagonized the inhibitory effect of Ang 1-7 on both Ang II-and ACTH-stimulated aldosterone secretion in glomerulosa cells. These results support the notion that Ang 1-7 inhibits Ang II-mediated as well as ACTH As shown in Figure 5A , in contrast to the blunted aldosterone response to Ang II and ACTH in the presence of Ang 1-7, this peptide had no effect on the rise in aldosterone elicited by increasing concentrations of extracellular K + , from 3.7 to 10.7 mmol/L. These K + concentrations lead to a rise in aldosterone from ≈12.5 to ≈175 to 187.5 pg/10 5 cells ( Figure 5A ). Similarly, Ang 1-7 had no significant effect on the levels of progesterone in the cells challenged with increasing levels of K + , as shown in Figure 5B .
In Vivo Experiment 1: Ang 1-7 on PRA and PA During a Low-Salt Diet
At the onset, before the exposure to diets which differed in their salt content, PRA and PA were similar in the rats, which were then divided into a group consuming regular chow and a group placed, after the baseline measurement, on a lowsalt diet. After 1 week of dietary intervention, PRA was unchanged in rats on normal salt intake, regardless of whether they received vehicle or Ang 1-7. In contrast, in the group of rats fed with a low-salt diet, (Figure 6 ), PRA rose within 1 week both in rats receiving a vehicle solution and in the rats receiving a constant infusion of Ang 1-7. The outcome was rather different as regarded PA ( Figure 6 ): expectedly PA rose on low salt (1 week), but not on normal chow. However, in the low-salt-fed rats that were Ang 1-7-infused PA was ≈35% lower than in low-salt rats receiving vehicle ( Figure 6 ).
We also collected blood samples from these rats to analyze serum electrolytes. The average level of Na (in mmol/L) was 139.67 in the normal chow+saline group and 140 in the other 3 groups (normal chow+Ang 1-7, low salt+saline, and low salt+Ang 1-7); average K level (in mmol/L) was 4.8 in the low salt+saline group and 4.9 in all the other 3 groups (normal chow+saline, normal chow+Ang 1-7, and low salt+Ang 1-7).
To better elucidate the role of endogenous renin in the attenuated aldosterone response to salt-restriction during Ang 1-7 infusion, renin secretion from kidneys removed from rats participating in experiment 1 were also studied ex vivo. In this setting, incubates of renal slices from salt-restricted mice showed ≈2-fold more renin activity than slices from rats consuming regular diet (Figure 7) . Notably, Ang 1-7 treatment administered for 1 week did not modify ex vivo renin activity measured in renal slices prepared from rats on normal salt diet, but clearly enhanced renin activity of renal tissue harvested from rats, which were salt restricted.
In Vivo Experiment 2: Ang 1-7 on PRA and PA in Old Obese Rats
Old (average age, 19 months) rats raised in captivity (animal house) receiving regular rat chow, normally gain considerable fat mass. Their mean weight before 2 months of vehicle (saline)/Ang 1-7 infusion was 680±44 and 677±38 g, respectively (P=NS), which increased after 2 months to 839±47 and 807±52 g, respectively (±SEM; P=NS). Ang 1-7 infusion had little effect on PRA ( Figure 8A ) but resulted in significantly lower PA ( Figure 8B ) by the end of the infusion period compared with the vehicle-infused animals (P=0.017; Figure 8 ).
Discussion
The key finding in this report is that Ang 1-7 can act as a negative modulator of aldosterone secretion in vitro and in vivo and can attenuate the aldosterone response to Ang II and ACTH, 2 of its classical secretagogues, acting directly on rat zona glomerulosa cells. Of note is also the observation that under our experimental conditions, Ang 1-7 did not affect potassiuminduced aldosterone secretion. We cannot presently offer an explanation for the dichotomous inhibitory effect of Ang 1-7 It is also noteworthy that Ang 1-7 lowered not only aldosterone but also Ang II-induced progesterone production, thus suggesting general interference with receptor-controlled steroidogenesis in glomerulosa cells, rather than specific inhibition of the final pathway of aldosterone synthesis only. The ability to inhibit only Ang II-and ACTHmediated but not potassium-stimulated aldosterone synthesis is notable because this selective interference with receptoroperated aldosterone secretion has not been previously shown with established circulating inhibitors of aldosterone secretion such as atrial natriuretic peptide or dopamine, which can act directly on glomerulosa cells: both have been shown to nonselectively inhibit all 3 major stimulators of aldosterone secretion, Ang II, K + , and ACTH. 19, 20 Because we provide evidence that the inhibitory effect of Ang 1-7 on receptor-mediated aldosterone synthesis is exerted through the Mas1 receptor, as it can be effectively blocked by the Mas1 receptor antagonist A779, it seems that activation of this receptor cannot affect potassiumdependent aldosterone synthesis. Although Ang II-and ACTHdependent steroidogenesis in the zona glomerulosa use distinct signaling cascades, it is noteworthy that signaling through the AT1R, which mediates Ang II's action in the glomerulosa as well as ACTH-induced steroidogenesis were previously shown to operate via transactivation of the epidermal growth factor receptor, 21, 22 which is apparently expressed in adrenal glomerulosa cells. 23 Furthermore, recent evidence suggests that signaling through Mas1 can inhibit AT1R-dependent transactivation of epidermal growth factor receptor. 24 However, whether inhibition of this pathway plays a role in Ang 1-7-dependent inhibition of receptor activated aldosterone secretion remains to be directly studied.
Our study further suggests that the inhibitory effect of Ang 1-7 on aldosterone synthesis shown in vitro can be also exerted in vivo. As expected, short-term (1 week) salt restriction elicited a rise in both PRA and PA. Under concomitant continuous infusion of Ang 1-7, however, this response was modified such that the rise in PRA was fully preserved, whereas the increase in aldosterone was markedly attenuated. This supports the notion that under salt restriction, the observed lowering of PA is not secondary to suppression of circulating renin. More likely, it represents a direct inhibitory effect such as observed in the preceding in vitro experiments. However, whether endogenously produced Ang 1-7, reaching the adrenal via classical systemic/endocrine routes or operating locally in a paracrine manner, can mimic the effects shown in the present report with exogenously administered Ang 1-7 cannot be established based on our experiments.
Perspectives
The present report broadens the list of endogenous circulating hormones that directly affect aldosterone secretion. Because aldosterone excess per-se has been linked to multiple potential unfavorable sequels, such as the evolution of hypertension, 25 cardiac and vascular fibrosis, 26, 27 insulin resistance, 28 and worse prognosis after myocardial infarction, 29 the present report should instigate further studies of whether/how this previously unrecognized inhibitor of aldosterone secretion can be used under conditions in which high circulating aldosterone is a likely contributor to disease.
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